Three experiments were conducted to evaluate the effects of increasing dietary Cu and Zn on weanling pig performance. Diets were fed in 2 phases: phase 1 from d 0 to 14 postweaning and phase 2 from d 14 to 28 in Exp. 1 and 2 and d 14 to 42 in Exp. 3. The trace mineral premix, included in all diets, provided 165 mg/kg of Zn from ZnSO 4 and 16.5 mg/kg of Cu from CuSO 4 . In Exp. 1, treatments were arranged in a 2 × 3 factorial with main effects of added Cu from tri-basic copper chloride (TBCC; 0 or 150 mg/kg) and added Zn from ZnO (0, 1,500, or 3,000 mg/kg from d 0 to 14 and 0, 1,000, or 2,000 mg/kg from d 14 to 28). No Cu × Zn interactions were observed (P > 0.10). Adding TBCC or Zn increased (P < 0.05) ADG and ADFI during each phase. In Exp. 2, treatments were arranged in a 2 × 3 factorial with main effects of added Zn from ZnO (0 or 3,000 mg/kg from d 0 to 14 and 0 or 2,000 mg/kg from d 14 to 28) and Cu (control, 125 mg/kg of Cu from TBCC, or 125 mg/kg of Cu from CuSO 4 ). No Cu × Zn interactions (P > 0.10) were observed for any performance data. Adding ZnO improved (P < 0.02) ADG and ADFI from d 0 to 14 and overall. From d 0 to 28, supplementing CuSO 4 increased (P < 0.02) ADG, ADFI, and G:F, and TBCC improved (P = 0.006) ADG. In Exp. 3, the 6 dietary treatments were arranged in a 2 × 2 factorial with main effects of added Cu from CuSO 4 (0 or 125 mg/kg) and added Zn from ZnO (0 or 3,000 mg/kg from d 0 to 14 and 0 or 2,000 mg/kg from d 14 to 42). The final 2 treatments were feeding added ZnO alone or in combination with This interaction was reflective of the numeric decrease in ADG for pigs when Cu and Zn were used in combination compared with each used alone. Also, numerical advantages were observed when supplementing Zn from d 0 to 14 and Cu from d 14 to 42 compared with all other Cu and Zn regimens. These 3 experiments show the advantages of including both Cu and Zn in the diet for 28 d postweaning; however, as evident in Exp. 3, when 3,000 mg/kg of Zn was added early and 125 mg/ kg of Cu was added late, performance was similar or numerically greater than when both were used for 42 d.
INTRODUCTION
Zinc and Cu are 2 minerals commonly added at pharmacological concentrations to weanling pig diets to serve as growth promoters. Nursery studies have demonstrated that increased dietary concentrations of Zn can promote growth rates (Hahn and Baker, 1993; Smith et al., 1997; Carlson et al., 1999; Williams et al., 2005) and increase stool firmness (Hill et al., 2000) . The greatest response to added concentrations of Zn can be observed when 3,000 mg/kg is provided for the first 2 to 4 wk postweaning (Carlson et al., 1999; Woodworth et al., 2005) . Zinc oxide is the most common form used to increase growth (Hahn and Baker, 1993; Schell and Kornegay, 1996; Hollis et al., 2005) .
Dietary Cu also has been shown to enhance growth rates in weanling pigs (Stahly et al., 1980; Cromwell et al., 1989 Cromwell et al., , 1998 Hill et al., 2000) . Supplemental Cu is most efficacious for weanling pigs at 200 to 250 mg/ kg (Cromwell, 2001) , and 125 mg/kg offers 75% of the growth response achieved with 250 mg/kg (Cromwell et al., 1989) . The sulfate form of Cu historically has been used because of its improved performance compared with the oxide form (Cromwell et al., 1989) . However, Cromwell et al. (1998) observed similar growth-promoting effects when adding Cu from either tri-basic copper chloride (TBCC) or CuSO 4 and indicated that TBCC may be more efficacious at decreased amounts compared with CuSO 4 .
Historically, use of increased concentrations of Zn (3,000 mg/kg) and Cu (250 mg/kg) has not shown additive effects (Smith et al., 1997; Hill et al., 2000) . However, Perez-Mendoza et al. (2008) observed improved growth when nursery pigs were fed supplemental Cu along with added Zn at 3,000 mg/kg. The effect of moderate concentrations of Cu (100 to 150 mg/kg) combined with increased added Zn has not been evaluated. Therefore, the objective of these experiments was to characterize the effect of combining ZnO with moderate concentrations of TBCC or CuSO 4 on nursery pig growth performance and blood plasma minerals.
MATERIALS AND METHODS
Protocols used in these experiments were approved by the Kansas State University Institutional Animal Care and Use Committee.
General
Experiments 1 and 3 were conducted at the Kansas State University Swine Teaching and Research Center, and Exp. 2 was conducted at the Kansas State University Segregated Early Weaning Facility. Each pen contained a 4-hole, dry self-feeder and either a cup or nipple waterer, depending on facility, to provide ad libitum access to feed and water. Pens had metal wovenwire flooring in Exp. 1 and 3 and metal tri-bar flooring in Exp. 2 (0.30 m 2 /pig). Body weights and feed disappearance were measured weekly to determine ADG, ADFI, and G:F.
Similar diets were used in each of the 3 experiments (Table 1 ). The phase 1 diet was fed for the first 14 d postweaning, and the phase 2 diet was fed for the remainder of the trial (14 d in Exp. 1 and 2 and 28 d in Exp. 3). Diets were formulated to contain 1.41 and 1.31% standardized ileal digestible lysine for the phase 1 and 2 diets, respectively, and fed in meal form. Phase 1 diets contained 15% spray-dried whey and 3.75% fish meal. Phase 2 diets were corn-soybean meal based without specialty protein sources. All diets contained a trace mineral premix that supplied 165 mg/kg of Zn from ZnSO 4 and 16.5 mg/kg of Cu from CuSO 4 . All other nutrients were formulated to meet or exceed NRC (1998) requirements. To generate treatment diets, ZnO, TBCC, and CuSO 4 were added in place of corn starch to achieve the desired Zn and Cu concentrations. Treatment diets were sampled in each experiment and analyzed for Cu and Zn concentrations. Samples were microwave digested (MARS 5, CEM Corp., Matthews, NC) in 10 mL of HNO 3 followed by addition of 2 mL of H 2 O 2 . Samples were brought to constant volume, then diluted appropriately for analysis for Cu and Zn by flame atomic absorption spectroscopy (UNICAM 989 Solaar AA Spectrometer, Thermo Elemental Corp., Franklin, MA; Rincker et al., 2004) . Calculated values were determined using the amount added from the trace mineral premix, any added Cu or Zn supplementation according to treatment, and the amount provided by other dietary ingredients using values reported by NRC (1998 42 in Exp. 3) by jugular venipuncture. On d 14, pigs were weighed and diets were changed at approximately 0800 h, and blood was collected at 1300 h. On d 28 in Exp. 2 and d 42 in Exp. 3, pigs were again weighed at 0800 h, and blood was collected at 1300 h. However, on the final day of the trial, pigs were provided the same diet that was offered before weighing. Blood samples were stored on ice for approximately 1 h until they were centrifuged at 1,600 × g for 20 min at 4°C. Plasma was then collected from each blood sample, frozen, and sent to Michigan State University (East Lansing, MI) for mineral analysis. Plasma was deproteinized by a 1:4 dilution in 12.5% trichloroacetic acid followed by centrifugation at 2,000 × g for 15 min at 4°C (GS-6KR, Beckman-Coulter, Brea, CA) and collection of the supernatant for analysis. Copper and Zn concentrations were determined by flame atomic absorption spectrophotometry (UNICAM 989 Solaar AA Spectrometer, Thermo Elemental Corp., Franklin, MA). Phosphorus was measured by colorimetric analysis (Beckman DU 7400 spectrophotometer, Beckman-Coulter) utilizing the color reaction between phosphate ions, molybdenum, and Elon solutions to determine phosphate ion concentration (Gomori, 1942) .
Exp. 1
Weanling pigs (initially, 5.7 kg and 21 d of age; n = 180; TR4 × 1050; PIC, Hendersonville, TN) were allotted by initial BW in a randomized complete block design (RCBD). There were 5 pens per treatment with 6 pigs per pen. Treatments were arranged in a 2 × 3 factorial with main effects of added Cu from TBCC (0 or 150 mg/kg) and added Zn from ZnO (0, 1,500, or 3,000 mg/kg from d 0 to 14 and 0, 1,000, or 2,000 mg/ kg from d 14 to 28).
Exp. 2
Weanling pigs (initially, 6.0 kg and 21 d of age; n = 180; PIC 1050, PIC) were allotted by initial BW in a RCBD for this 28-d trial. There were 6 pens per treatment with 5 pigs per pen. Treatments were arranged in a 2 × 3 factorial with main effects of added Zn from ZnO (0 or 3,000 mg/kg from d 0 to 14 and 0 or 2,000 mg/kg from d 14 to 28) and added Cu sources (0 or 125 mg/kg of Cu from TBCC, or 125 mg/kg of Cu from CuSO 4 ).
Exp. 3
Weanling pigs (initially, 6.2 kg and 21 d of age; n = 216; PIC TR4 × 1050, PIC) were fed in a 42-d growth trial to compare the effects of added Zn and Cu and determine the effects of changing mineral regimens. Pigs were allotted by initial BW in a RCBD. There were 6 pens per treatment with 6 pigs per pen. Treatments were arranged in a 2 × 2 factorial with main effects of added Cu from CuSO 4 (0 or 125 mg/kg) and added Zn from ZnO (0 or 3,000 mg/kg from d 0 to 14 and 0 or 2,000 mg/kg from d 14 to 42). Two additional treatments were included, in which the added ZnO or ZnO and CuSO 4 diet was fed from d 0 to 14, with added CuSO 4 fed from d 14 to 42.
Statistical Analysis
The pen was the experimental unit for all analysis, and data from each experiment were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC). Each study was analyzed as a RCBD, and initial BW was used to establish blocks. Blocks were treated as random effects in the model. Also in each model, Cu and Zn effects were treated as fixed effects. Experiment 1 was analyzed as a 2 × 3 factorial arrangement with 2 Cu and 3 Zn concentrations. Contrast statements were used to evaluate linear and quadratic effects associated with increasing dietary Zn. Experiment 2 was analyzed as a 2 × 3 factorial arrangement with main effects of 2 Zn concentrations and 3 sources of added Cu. Contrast statements were used to separate differences between Cu sources. In Exp. 3, main effects and potential in- Second row: added Zn from ZnO was supplied at none, 1,500 mg/kg in phase 1 and 1,000 in phase 2, or 3,000 mg/kg in phase 1 and 2,000 in phase 2 above the 165 mg/kg of Zn provided by trace mineral premix. teractions for added Cu and Zn were tested using contrast statements. For phase 1, growth performance was similar between both dietary treatments that were fed either the high Zn or high Cu and Zn diet; therefore, results were pooled to determine the main effects of Cu and Zn. For plasma mineral results, concentrations were not similar between the 2 treatments receiving the same mineral regimen in both phases; therefore, only pigs remaining on the same regimen for both phases were used to test for main effects of Cu and Zn. In phase 2, as well as for the overall trial, only treatments that remained on the same mineral regimen for the entire trial were used to determine the main effects of Cu and Zn. Effects were considered significant if their P-values were ≤0.05 and trends if their P-values were ≤0.10.
RESULTS
The results of the laboratory analysis of the diets are presented in Tables 2, 3 , and 4, for Exp. 1, 2, and 3, respectively. The results indicated that Cu and Zn concentrations were similar to calculated values.
Exp. 1
From d 0 to 14, no Cu × Zn interactions were observed (P > 0.10) for any of the performance criteria in Exp. 1 (Table 5 ). Increasing dietary Zn increased (linear, P < 0.003) both ADG and ADFI from d 0 to 14. Dietary Cu from TBCC also increased (P < 0.02) ADG and ADFI compared with non-Cu-supplemented treatments. However, dietary Cu and Zn additions did not influence G:F (P > 0.10).
From d 14 to 28, the addition of Cu from TBCC increased (P < 0.03) both ADG and ADFI, as did added Zn (linear, P < 0.04). Feed efficiency was not influenced (P > 0.10) by adding Cu or Zn. Overall (d 0 to 28), adding Cu from TBCC improved (P < 0.007) both ADG and ADFI. The additions of dietary Zn from ZnO resulted in improvements (linear, P < 0.003) in ADG and ADFI. Pigs that were fed both added Cu and Zn had the greatest numerical ADG and ADFI, and no interactions (P > 0.10) were observed. Dietary Cu and Zn additions did not influence G:F (P > 0.10).
Inclusion of ZnO or TBCC had no effect (P > 0.10) on plasma Cu concentrations (Table 6 ). However, Cu (25) 178 (150) 188 (150) 48 (25) 140 (150) 144 (150) 1 Top row: added Zn from ZnO was supplied at none or 3,000 mg/kg in phase 1 and 2,000 mg/kg in phase 2 above the 165 mg/kg of Zn provided by the trace mineral premix.
2
Second row: Cu sources were none, tri-basic CuCl (TBCC, 125 mg/kg of Cu), and CuSO 4 , 125 mg/kg of Cu, and were supplemented above the 16.5 mg/kg of Cu provided by the trace mineral premix. Second row: added Zn from ZnO was supplied at none or 3,000 mg/kg in phase 1 and 2,000 mg/kg in phase 2 above the 165 mg/kg of Zn provided by the trace mineral premix. Top row: added Cu from tri-basic copper chloride was supplied at none or 150 mg/kg above the 16.5 mg/kg of Cu provided by the trace mineral premix.
3
Second row: added Zn from ZnO was supplied at none, 1,500 mg/kg in phase 1 and 1,000 in phase 2, or 3,000 mg/kg in phase 1 and 2,000 in phase 2 above the 165 mg/kg of Zn provided by the trace mineral premix.
× Zn interactions were detected (P < 0.03) for both plasma Zn and P concentrations. The interaction for plasma Zn occurred because a greater increase in plasma Zn was observed as dietary Zn increased in pigs fed diets containing no added Cu compared with those fed diets containing TBCC. The P interaction was due to plasma P increasing in pigs fed increasing dietary Zn without added Cu, but plasma P decreased in those fed diets with added Cu as Zn concentration increased.
Exp. 2
No Cu × Zn interactions were observed (P > 0.10) for any of the growth criteria in Exp. 2 (Table 7) . From d 0 to 14, adding dietary Zn increased (P < 0.02) ADG, ADFI, and G:F. A main effect of Cu also was observed (P < 0.01) from d 0 to 14 for ADG, ADFI, and G:F. Pigs supplemented with Cu from CuSO 4 had greater (P < 0.04) ADG, ADFI, and G:F than pigs supplemented with no Cu or with Cu from TBCC.
From d 14 to 28, adding Cu from either CuSO 4 or TBCC tended to increase (P < 0.08) ADG. Daily feed intake increased (P = 0.01) in pigs that were supplemented with Zn. Also, supplementing Cu with CuSO 4 improved (P = 0.02) and with TBCC tended to improve (P = 0.08) G:F compared with not adding supplemental Cu.
Over the entire 28-d trial, added Zn increased (P < 0.01) ADG and ADFI. Pigs fed added CuSO 4 had increased (P < 0.02) ADG, ADFI, and G:F compared with control pigs. Also, pigs fed supplemental TBCC had greater (P = 0.006) ADG than control pigs. Pigs fed both added ZnO and CuSO 4 had the greatest numeric ADG and ADFI.
No Cu or Zn effects were observed for plasma Cu on d 14; however, plasma Zn concentrations increased (P = 0.001) on d 14 and tended (P = 0.09) to be greater at d 28 in pigs supplemented with ZnO (Table 8) . A Cu × Zn interaction was detected (P = 0.02) on d 28. In diets containing no added Zn, plasma Cu numerically increased when TBCC was added to the diet but decreased when CuSO 4 was added to the diet. The opposite was true in diets containing supplemental Zn; with plasma Cu numerically decreasing as TBCC was added to the diet and increasing when CuSO 4 was added to the diet. Unlike Exp. 1, no dietary effects were observed (P > 0.10) for plasma P at either bleeding time.
Exp. 3
During phase 1 (d 0 to 14), added Zn improved (P < 0.04) ADG, ADFI, and G:F (Table 9 ). The addition of Cu did not improve (P > 0.10) ADG or G:F compared with pigs fed the control diet, but tended to increase (P = 0.07) ADFI. The numerically greatest ADG and ADFI responses were observed when pigs were fed both added Zn and Cu; however, these responses were only numerically greater (3%) than Zn used alone. Second row: added Zn from ZnO was supplied at none, 1,500 mg/kg in phase 1 and 1,000 in phase 2, or 3,000 mg/kg in phase 1 and 2,000 in phase 2 above the 165 mg/kg of Zn provided by the trace mineral premix. Top row: added Zn from ZnO was supplied at none or 3,000 mg/kg in phase 1 and 2,000 mg/kg in phase 2 above the 165 mg/kg of Zn provided by the trace mineral premix.
3
Second row: Cu sources were none, tri-basic copper chloride (TBCC, 125 mg/kg of Cu), and CuSO 4 (125 mg/kg of Cu) and were supplemented above the 16.5 mg/kg of Cu provided by the trace mineral premix.
From d 14 to 28, added Zn increased (P = 0.04) ADFI but had no effect on ADG (P = 0.10). Thus, G:F became worse (P = 0.02) when Zn was added to the diet. Added dietary Cu increased (P < 0.003) ADG and ADFI and tended to improve (P = 0.06) G:F. As pigs were switched from supplemental Zn in phase 1 to added Cu in phase 2, ADG improved (P < 0.05) compared with maintaining an increased concentration of Zn. Conversely, when pigs were switched from increased concentrations of added Cu and Zn in phase 1 to added Cu alone in phase 2, performance was not improved (P > 0.10).
From d 28 to 42, a trend for a Cu × Zn interaction was observed (P = 0.06) for ADG. This interaction was reflective of the numeric decrease in ADG for pigs fed added Cu and Zn in combination compared with each fed separately. Pigs fed added Cu had increased (P < 0.04) ADFI and smaller G:F than pigs not supplemented with Cu for this 2-wk period.
During dietary phase 2 (d 14 to 42), pigs fed added Cu had increased (P < 0.003) ADG and ADFI. Pigs fed added Zn had smaller (P = 0.04) G:F compared with those not supplemented with Zn. Pigs that were fed added Zn from d 0 to 14 and then fed added Cu for d 14 to 42 had increased (P < 0.05) ADG compared with pigs fed added Zn in both phases.
For the entire study (d 0 to 42), added Zn and Cu improved (P < 0.03) ADG, with no interaction (P > 0.10). Feed intake was greater (P = 0.004) for pigs fed added Cu compared with those not receiving supplemental Cu. Final BW were increased (P < 0.05) for each of the 5 regimens of added Cu and Zn compared with the control.
On d 14, no dietary effects were observed (P > 0.10) for plasma Cu concentration (Table 10 ). Plasma Zn concentrations increased (P = 0.001) when added Zn was fed in phase, 1 but not phase 2. Pigs fed added Zn or the combination of Zn and Cu from d 0 to 14 and only added Cu thereafter had decreased (P < 0.05) plasma Zn compared with pigs remaining on the same regimen. The 5-h period, in which pigs were allowed to eat the phase 2 diet, may have generated the decrease in plasma Zn. No dietary main effects were observed (P > 0.10) for plasma P at either d 14 or 42. On d 42, trends for a Cu × Zn interaction were detected (P < 0.08) for both plasma Cu and Zn. The plasma Cu interaction was due to a numeric increase in plasma Cu compared with the control diet when Cu was added to the diet alone; no difference in plasma Cu was observed when Cu and Zn were added together. The plasma Zn interaction was due to a greater increase in plasma Zn when Zn was added alone in the diet compared with adding both Cu and Zn.
DISCUSSION
Zinc supplementation in each of these 3 experiments increased feed intake, which resulted in increased overall ADG of 12.6, 10.8, and 7.0% for Exp. 1, 2, and 3, respectively, compared with pigs not supplemented with Zn. Each of the experiments showed an advantage of supplementing 3,000 mg/kg of Zn in the first 2 wk postweaning, similar to the result reported by Carlson et al. (1999) . Hahn and Baker (1993) observed 14.5 and 12.4% improvements in daily BW gain with 3,000 mg/ kg of Zn supplementation, which were related to 13.5 and 12.8% increases in feed intake, in 35-and 28-dold pigs after they had been placed on common diets for 7 d postweaning. Hollis et al. (2005) observed an Means within a row, without a common superscript differ (P < 0.05). 1 A total of 216 weanling pigs (initially, 6.2 kg and 21 d of age; PIC, Hendersonville, TN) were used in a 42-d experiment with 6 pens per treatment and 6 pigs per pen.
2 Top row: phase 1 diets were fed from d 0 to 14 after weaning: control (None; basal diet with no added Cu or Zn), Cu (125 mg/kg of added Cu from CuSO 4 ), Zn (3,000 mg/kg added Zn from ZnO), and Cu and Zn (125 mg/kg of added Cu from CuSO 4 and 3,000 mg/kg of added Zn from ZnO).
3
Second row: phase 2 diets were fed from d 14 to 42 after weaning: control (None; basal diet with no added Cu or Zn), Cu (125 mg/kg of added Cu from CuSO 4 ), Zn (2,000 mg/kg of added Zn from ZnO), and Cu and Zn (125 mg/kg of added Cu from CuSO 4 and 2,000 mg/kg of added Zn from ZnO). Within a row, means without a common superscript differ (P < 0.05).
1
A total of 216 weanling pigs (initially, 6.7 kg and 21 d of age; PIC, Hendersonville, TN) were used in a 42-d experiment with 6 pens per treatment and 6 pigs per pen.
2
Top row: phase 1 diets were fed from d 0 to 14 after weaning: control (None; basal diet with no added Cu or Zn), Cu (125 mg/kg of added Cu from CuSO 4 ), Zn (3,000 mg/kg of added Zn from ZnO), and Cu and Zn (125 mg/kg of added Cu from CuSO 4 and 3,000 mg/kg of added Zn from ZnO).
11.9% improvement in ADG when added 2,500 mg/kg of Zn from ZnO for 28 d postweaning compared with no supplemental Zn. reported that improvements in growth from adding high concentrations of Zn were additive to effects of antimicrobial agents (carbadox).
The source of added Zn seems to be an important factor in observing positive responses in pig performance. Hahn and Baker (1993) showed that ZnSO 4 and Zn-Met complex increased plasma Zn concentrations much greater than ZnO, which indicates an increase in the uptake of Zn from the small intestine. The sulfate and AA forms of Zn are absorbed at a greater rate than ZnO (Wedekind et al., 1994; Schell and Kornegay, 1996) , and other researchers have hypothesized that reduced concentrations of ZnSO 4 or Zn AA complexes (ZnAA) could be included in the diet to elicit a growth response while reducing Zn excretion. Hollis et al. (2005) showed that an additional 500 mg/kg of Zn from either ZnO or organic sources of Zn did not improve ADG compared with normal values; however, 3,000 mg/kg of Zn from ZnO increased performance. Woodworth (1999) also showed that pigs fed 100 to 500 mg/kg of either ZnSO 4 or a ZnAA complex had intermediate growth rates to the pigs fed 165 or 3,165 mg/ kg of Zn from ZnO. Therefore, ZnO is the only form used to achieve added Zn in the diet to improve growth in nursery pigs.
Copper supplementation also improved ADG in the present experiments; TBCC improved daily BW gain by 9.0 and 9.7% in Exp. 1 and 2, respectively, and CuSO 4 improved ADG by 17.9 and 7.1% in Exp. 2 and 3, respectively. These increases were primarily due to increases in feed intake. Hence, Cu supplementation also improved G:F (Exp. 2). Cromwell (2001) summarized 23 studies on the influence of adding 200 to 250 mg/kg of Cu from CuSO 4 on pig performance from 8 to 20 kg and reported an 11.9% improvement in growth and a 4.5% improvement in feed efficiency due to CuSO 4 addition. Perez-Mendoza et al. (2008) also observed increases in growth through 6 wk postweaning with 315 mg/kg of supplemental Cu from CuSO 4 . In addition, Stahly et al. (1980) pooled the results of 4 trials comparing the use of CuSO 4 and antibiotic supplementation and determined that the effect of Cu supplementation was independent of the response to growth-promoting antibiotics.
The concentration and source of added Cu also affect the response. Cromwell et al. (1989) observed a curvilinear response in BW gain to increasing concentrations of dietary Cu from CuSO 4 and, on the basis of the inflection point, calculated the greatest response at 242 mg/kg. Additional studies have shown the ideal amount of added Cu from CuSO 4 to promote growth is between 125 and 250 mg/kg (Stahly et al., 1980; Roof and Mahan, 1982; Coffey et al., 1994) . Cuprous oxide added at either 125 or 250 mg/kg does not elicit a growth response (Cromwell et al., 1989) ; however, a Cu-Lys complex has shown similar growth responses when compared with CuSO 4 (Coffey et al. 1994; Apgar et al. 1995) . Using liver concentrations as the response criteria, Apgar and Kornegay (1996) determined that absorption of Cu from a Cu-Lys was similar to that of Cu from CuSO 4 . Cromwell et al. (1998) also observed similar performance in weanling pigs that were supplemented with Cu from either TBCC or CuSO 4 . Therefore, it seems that under some conditions, Cu from CuSO 4 , Cu-lysine complex, or TBCC can be added to pig diets to promote growth.
Contrary to our results, inclusion of both added Cu and Zn does not always show additive effects in weanling pigs (Smith et al., 1997; Hill et al., 2000) . In previous experiments, Cu and Zn were added to diets that contained growth-promoting levels of antibiotics, whereas in our experiment, diets contained no additional antimicrobials. Responses of Zn or Cu have been shown to be additive to other antimicrobial agents (Stahly et al., 1980; Woodworth et al., 2005) ; however, the combination of all 3 may not be additive in nature. Perez-Mendoza et al. (2008) observed a 15.6% improvement in growth in the first 2 wk postweaning when supplemental Cu was added to diets containing 3,000 mg/kg of added Zn, but the effect of Zn supplementation was not tested.
Little research has been done to examine the effect of changing mineral regimens to validate the influence of switching from feeding Zn in the initial diets after weaning to feeding Cu in later diets. Numerical benefits to this approach were found in Exp. 3. Switching mineral regimens can reduce diet cost because Zn is removed from diets fed later in the nursery period. Another major benefit of this approach is decreased excretion of Zn in manure. Zinc accumulation in soil has been shown to hinder some crop production (Takkar and Mann, 1978; Chaney, 1993) . Rincker et al. (2005) showed that Zn excretion increases after approximately 9 d of feeding greater concentrations of Zn as the body stores become maximized. Therefore, adding Zn in the initial postweaning diets followed by supplementing Cu in later diets may be a way to obtain the desired growth-promoting effects while limiting costs and minimizing the concentration of Zn excreted in manure.
The mode or modes of action for adding Cu to weanling pig diets are unknown. Added Cu has not been shown to improve intestinal morphology (Hedemann et al., 2006) . Copper supplementation also has been shown to promote growth independently of antibiotic additions (Stahly et al., 1980; Roof and Mahan, 1982) , indicating it may have a different mode of action than antibiotics.
Modes of action for Zn supplementation also are unknown; however, several hypotheses have been generated. Poulsen (1989) suggested that added Zn prevented Escherichia coli diarrhea in weanling pigs. Added Zn from ZnO does not alter the amount of E. coli excreted in fecal material (Jensen-Waern et al., 1998; Pulz and Carlson, 2007) . Woodworth (1999) suggested that added Zn prevents E. coli from creating a toxic environ-ment in the digestive system, possibly by preventing E. coli attachment and invasion of the enteric epithelium. Zinc does not seem to inhibit E. coli multiplication within the intestinal lumen. Hahn and Baker (1993) suggested that the mode of action for increased growth was related to plasma Zn concentrations. Added Zn increased plasma Zn on d 14 in our 3 experiments, but our values did not approach the concentrations observed by Hahn and Baker (1993) . Perhaps this may be due to the use of older pigs in that particular study compared with ours. Carlson et al. (1999) observed increased metallothionein concentration in the liver, kidney, and intestinal mucosa cells with added Zn supplementation. Metallothionein is a metal-binding protein associated with maintaining Zn homeostasis that is found throughout the body (Richards and Cousins, 1975) and is related to Zn absorption. Carlson et al. (1999) concluded that metallothionein synthesis in intestinal mucosal cells may facilitate Zn uptake into the body, resulting in improved growth performance.
A third proposed mode of action for Zn supplementation is the potential for improved intestinal morphology (Carlson et al., 1999) . Villus atrophy is a physiological event that occurs in newly weaned pigs (Hampson, 1986) . Li et al. (2001) validated the previous report of Carlson et al. (1998) showing that increased concentrations of Zn fed to weanling pig diets increased villus height and decreased crypt depth at 11 d postweaning compared with not supplementing Zn. In contrast, Hedemann et al. (2006) observed no improvements in villus height of pigs weaned at 28 d of age with 2,500 mg/kg of Zn supplementation for 14 d postweaning. One factor that should be considered when interpreting those results is the timing of intestinal sample collection. Villus height has been shown to increase back to preweaning values as quickly as 9 d after weaning (Hedemann et al., 2003) .
In each of our 3 experiments, plasma Zn on d 14 increased linearly as Zn increased in the diet. Carlson et al. (1999) observed similar increases in plasma Zn when pigs of early and traditional weaning ages were fed 3,000 mg/kg of Zn for 14 d postweaning. Hahn and Baker (1993) also showed an increase in plasma Zn with supplementation of Zn from several sources. Hill et al. (2000) also observed increased plasma Zn concentrations with Zn supplementation; however, plasma Zn concentration was greater when dietary Cu and Zn were combined than when increased concentrations of Zn were fed without Cu. This same numerical pattern was observed in Exp. 2, but the opposite was observed in Exp. 1 and 3. Also in Exp. 3, pigs switched from either increased Zn or increased Cu and Zn to increased Cu on d 14 had decreased plasma Zn concentrations compared with pigs that remained on the same mineral regimen in both phases. The 5-h period, in which pigs were allowed to eat the phase 2 diet, may have generated the decrease in plasma Zn. However, interaction of these 2 minerals in the liver and intestine could also alter this response.
If added Zn is provided in weanling pig diets, metallothionein will increase in intestinal cells (Carlson et al., 1999) . Then, Cu may be bound by metallothionein, limiting the amount of Zn that can be absorbed (Hill and Spears, 2001 ). This may be the reason that plasma Zn increased to a greater degree in diets with no added Cu compared with diets containing added CuSO 4 . Hill et al. (2000) also observed an increase in plasma Cu concentration with Cu supplementation. Plasma Cu did not differ on d 14 in any of our experiments; however, interactions between Cu and Zn supplementation for plasma Cu at the end of Exp. 2 and 3 were observed. Interestingly, in Exp. 2, a numerical decrease in plasma Cu was observed with Cu from CuSO 4 compared with other treatments. In Exp. 3, the Cu plasma concentration was increased with either Zn or Cu supplementation; however, when both minerals were combined, plasma Cu concentration was similar to that of the control.
In conclusion, these experiments showed additive growth responses to supplementing Cu and Zn in the diet of weanling pigs for 28 d. However, performance was numerically greater when mineral regimens were switched from feeding added Zn (3,000 mg/kg) for the first 14 d and moderate Cu (125 mg/kg) in later nursery phases than when both minerals were fed for the entire 42-d period.
